Sleep is understood to possess recuperative properties and, conversely, sleep loss is associated with disease and shortened lifespan. Despite these critical attributes, the mechanisms and functions by which sleep and sleep loss impact health still are speculative.
Introduction
Since the early 1920's it has been known that sleep deprivation in humans results in a progressive increase in circulating white blood cells, mainly granulocytes (cited in Ref. 39) . This outcome has since been repeatedly demonstrated (13, 30, 38, 44) , and it is one of the few consistent physiological findings in humans. In the clinical setting, mild leukocytosis usually would be taken as a sign of underlying infectious disease or inflammatory processes. However, in the research field, this outcome has been considered nonspecific, presumably because subjects did not seem ill or have fevers, and because the traffic pattern of the circulating leukocytes is unknown (e.g., Ref. 5, 13) . Also, scientific endeavors largely have been focused on cells and molecules associated with the classical immune system, rather than those of the innate immune system. Investigators in recent years have reported increases in various circulating proinflammatory molecules with different time courses in both human (2, 31, 47, 51, 63, 72) and animal (14, 32) sleep-deprived subjects, but there is a dearth of evidence of any physiological causes, consequences or sequelae.
In near identical manner to humans, rats sleep deprived under the present method show a progressive increase in circulating leukocytes, due mostly to an early increase in the population of immature neutrophilic granulocytes (i.e., "left shift" toward earlier stages of maturation) and days later to an added increase in monocytes (14) . The leukocytosis is considered regenerative because the myeloid to erythroid ratio in bone marrow is high. Lymphocyte numbers in the circulation tend to decrease, which is consistent with findings in humans sleep deprived in excess of 76 h (References 13, 44 as cited in 39) . The increase in circulating phagocytes is accompanied by increases in circulating proinflammatory molecules, especially interleukin-1β and macrophage chemotactic protein-1, and a polyclonal-like increase in all major immunoglobulin classes (14) . Associated signs in sleep-deprived rats include a progressive, negative energy balance (16) and suppression of several anabolic hormones at the level of the hypothalamus (17, 20, 21) . With the exception of marked hyperphagia, the profile of sleep deprivation in the laboratory rat resembles chronic systemic inflammatory response syndrome in humans (Reviewed in Refs. 4, 37) ), including poor microbial control and eventual lethal septicemia (15) .
Inflammatory processes generally are considered at the etiological root of several medical evils.
Therefore, inflammatory processes that may be induced by sleep deprivation are believed to have clinical and biological relevance, and potentially far-reaching implications. The main purpose of the present study was to investigate whether the increases in phagocytes in the circulation indicates migratory traffic into tissues, which is an inflammatory response. This profile can be contrasted with two other categories of mild leukocytosis that might arguably be operative during sleep deprivation. One of these is physiologic neutrophilia which occurs during sympathetic activation, "fight or flight" response, and/or exercise without muscle damage. In physiologic neutrophilia, leukocytosis results from the movement of granulocytes from the marginated pool of adherence to endothelium to the circulating pool without a net change in the number of neutrophils that emigrate from bone marrow or migrate into tissue. The other form is corticosterone-induced neutrophilia, which may occur during psychological distress or pain and is characterized by increased emigration of neutrophils from bone marrow into the circulation.
In this case, there is not an appreciable change in migration into tissues due to the fact that the neutrophils are rendered less sticky (Reviewed in Ref. 35, 45) .
In the present study, rats were sleep deprived for 5 or 10 days, which is long enough for metabolic changes and mild neutrophilia to become manifested (14) , but short enough to preclude accumulated changes that eventuate in advanced morbidity by an average of 20 days (15, 16, 24) . Organs chosen for study were the liver and the lung, because these sites are affected in states of systemic inflammation (Reviewed in Refs. 1, 34) . We also measured the neutrophil content of the intestine to determine if neutrophils appear drawn there. This is because the intestine has been implicated as a site of bacterial translocation in sleep-deprived rats (23) without histological abnormalities found by bright-field microscopy (15) . To quantify neutrophils in organs, we first measured the tissue content of myeloperoxidase (MPO), an enzyme virtually exclusive to neutrophils. MPO activity is directly proportional to neutrophil number (3, 43) . Based on a preliminary outcome of high MPO activity in liver and lung under conditions of sleep deprivation, we next addressed whether the neutrophils were adherent to the blood vessels (marginated pool) or had completed steps of diapadesis and chemotaxis and were present in interstitial spaces. Leukocytes in the liver and the lung were located by means of immunohistochemistry, and found to be predominantly interstitial. And lastly, in a step toward understanding the extent to which migration of neutrophils may be physiologically important, we measured the tissue content of heme-oxygenase-1, an inducible heat shock protein that increases in response to inflammation and oxidative stress. Heme oxygenase-1 was significantly increased in both the liver and the lung tissue during sleep loss. Results also showed that recovery sleep was not quiescent, but was marked by peak induction of heme oxygenase-1 in the lung and two-fold increases in MPO in the intestine, suggesting ongoing recuperative processes. Corticosterone did not increase during sleep loss, consistent with earlier findings (17, 21), but decreased to abnormally low levels during sleep recovery.
MATERIALS AND METHODS

Animals and surgical procedures
Protocols for animal care and use were approved by institutional animal care and use committees at The Medical College of Wisconsin and the Zablocki Veterans Administration Medical Center. Subjects were 85 male Sprague-Dawley rats obtained from Harlan (Madison, WI) that weighed 470 (SD 39) g and were 23 (SD 2) wk old at the time of study. The rats were kept in constant light to diminish the amplitude of circadian rhythm for all groups because sleep deprivation is known to affect both the amplitude and the phase of the circadian rhythm (50, 70) . Ambient temperature was maintained by means of thermostatically controlled heat lamps at 28ºC during baseline and experimental periods, which is within the thermoneutral zone for rats (68) .
Surgery was performed to implant macro electrodes for recording cortical electroencephalographic and cortical theta signals (collectively the EEG) and electromyographic (EMG) activity for the purpose of identifying wakefulness and specific sleep stages, as previously described (7) . Surgical anesthesia and analgesia were produced by ketamine hydrochloride (100 mg/kg ip), xylazine hydrochloride (2.4 mg/kg im), and atropine sulfate (0.1 mg/kg im) after brief inhalant anesthesia with halothane. Supplementary doses of ketamine hydrochloride (10 mg/kg ip) were administered as needed to maintain the surgical plane of anesthesia. Animals were allowed to recover from surgery for ≥ 7 days. Each of 44 live animal experiments was composed of a set of procedures administered to two rats that shared an experimental enclosure, described below.
Procedure for producing sleep-deprived and yoked animals.
Sleep deprivation in rats was produced by the Bergmann-Rechtschaffen method (7, 24) for 5 or 10 days, which was tolerated and produced hyperphagia and a negative energy balance, as already reported (19). Two freely-moving rats were studied at a time. Each of the two rats was housed on one half of a large platform (45 cm diam.) divided into two sides within an open-air enclosure. The plug assembly of EEG and EMG connections on the head of each rat was fastened to a long recording cable that was connected to a 360º commutator and counterbalanced boom assembly to provide freedom of movement. At a short distance beneath the housing platform was a shallow pan of water that extended to the periphery of the enclosure. While the rats were not restricted from entering and walking around in the water, which was only 2 to 3 cm deep, they almost always avoided the water and stayed on the platform where they would engage in normal behaviors, such as eating and lying to sleep. EEG and EMG signals were filtered, displayed on-line as analog and digital signals, and verified by observation of the rats. During a baseline period of at least 7 days the platform was automatically rotated once per hour to acclimate the rats to platform movement and to remove debris as the platform rotated beneath sponges located between the two cages.
During the sleep deprivation phase, sleep onset in the rat to be sleep deprived was detected by a computer program (8) that compared the amplitudes of digitized EEG and EMG signals to criteria set to match sleep, as determined by analog chart recordings and by behavioral observation. Sleep onset triggered a brief ambulatory requirement by means of rotation of the housing platform for 6 sec, which prompted both rats to walk to remain fully and comfortably on the platform. When the sleep-deprived rat was awake, the platform was stationary and there was no interruption of other behaviors. The method has been validated and reliably produces a consistent amount of sleep reduction in our studies to <10% of total time, composed mostly of transitional sleep and highly fragmented non-rapid eye movement (NREM) sleep (comparable to human stages I-IV or N1-N3) (15, 16, 22, 24) . The ambulatory requirement does not increase as the duration of sleep deprivation increases, but rather it remains stable at 18-22% of time (16, 24). The paired rat, known as the yoked rat or partially sleep-deprived rat, has the same ambulatory requirement because it is housed on the same platform as the totally sleep-deprived rat. The difference is that the ambulatory requirement is not contingent on sleep onset. In these yoked rats, sleep is both fragmented and reduced in amount because of ambulatory requirements that occur during their own sleep and sleepiness bouts. Total sleep in yoked rats averages 38% of time in NREM sleep and 3% in paradoxical sleep (PS; a.k.a. rapid eye movement [REM] sleep) (15, 16, 22, 24) . Yoked rats typically exhibit signs in the same direction as do totally sleep-deprived rats, but to a lesser extent (e.g., Ref. 16 ). Under baseline conditions during which sleep is permitted nearly ad libitum, sleep occurs an average of 54% of the time and is composed of 48% NREM sleep and 6% PS.
Rats that composed the sleep recovery groups were permitted 48 hours of recovery sleep after 10 days of sleep deprivation or partial sleep-deprivation (i.e., yoked) conditions. The 48-hour period of measurement was based on previous findings of a return to near basal levels of energy expenditure (18) and normalization of the liver content of glutathione and catalase activity, which are principal free radical scavengers (19) . Rats in the sleep recovery groups were injected 6 hr before tissue harvest with 25 to 50 mg of bromodeoxyuridine (BrdU)/kg bw for further studies of cell renewal. Because of this added procedure, the effect of BrdU treatment on intestinal MPO activity was completed in control rats, and the results were negative. Rats that composed the baseline control group were operated for EEG and EMG implants and recordings, and housed in the apparatuses during a 7-day baseline period. Tissue harvests and necropsy procedures were conducted after completion of the planned durations of study and at the same time of day. Rats were exsanguinated by cardiac puncture under deep anesthesia or by decapitation, depending on the tissues collected and variables of interest. Not all variables were measured in all subjects. In experiments in which MPO activity and leukocyte destination were measured in lung tissue, bronchial lavage was performed for further study of fluid contents. The lavage consisted of repeated infusion and withdrawal of 7 ml isotonic saline via the isolated trachea. The liver and the lung tissues were among those quickly dissected, rinsed in saline if needed, blotted, parceled, and fast frozen in liquid nitrogen or embedded and frozen in tissue freezing medium. The small intestine was sectioned into parts, thrice rinsed through with sterile saline to remove contents, and subsections were either fast frozen or preserved in buffered formalin for follow up. Aliquots of some of these tissues were studied for antioxidant parameters, as previously reported (19). interference by glutathione. We furthermore adapted the procedure via a series of control experiments to take measurements with a temperature-controlled plate reader (Bio-tek FL600).
Myeloperoxidase activity in liver, lung, and intestine
Tissue aliquots of 50 to 100 mg were homogenized on ice in ice-cold NEM buffer at pH 7.4 and twice centrifuged at 12 000 x g and 4ºC and decanted. Myeloperoxidase then was extracted from cells by flushing the pellets with 0.5% hexadecyltrimethylammonium bromide (HTAB) buffer at pH 6.0, followed by three sonication and freeze-thaw cycles. These were followed by centrifugation of the specimens at 12 000 x g, decantation, and suspension of the pellets in HTAB buffer for the collection of three post-NEM supernatants in which MPO was measured.
Reactions were initiated by addition of 50 mM potassium phosphate buffer containing 0.167 mg/ml o-dianisidine dihydrochloride and 0.0005% H 2 O 2 at pH 6.0, and measured by kinetic specrophotometry at 465 nm. One unit of MPO activity degrades 1 µmole H 2 O 2 /min at 25ºC.
Data are expressed as MPO activity per gram wet weight. Determinations were made in quadruplicate. The interassay coefficient of variance was < 4%.
Localization of granulocytes
Frozen embedded liver and lung specimens were sectioned four microns thick on a cryostat and mounted. Each of three sections was stained with either hematoxylin and eosin or one of two antibodies for immunohistochemistry, counterstained with Mayer's hematoxylin. The HIS48 antibody reacts with an antigen found on all granulocytes (BD Pharmingen, San Diego, CA).
Anti-rat CD45 antibody reacts with all molecular forms of CD45 (leukocyte common antigen) on all hematopoietic cells except erythrocytes. The respective isotype controls were mouse IgM and mouse BALB/c IgG. Sectioning and staining of tissues were completed at the Children's Research Institute Histology and Imaging Core Facility (Milwaukee, WI), an affiliate of the Medical College of Wisconsin. Testing and optimization of antibody stains were carried out on positive control tissue collected from rats that had been injected with lipopolysaccharide (2 mg/kg ip). Cells that stained positively for HIS48 or CD45 in separate slides were counted in 10 fields at 400x magnification and the locations were tallied under the categories of 1) within the lumen of a blood vessel, 2) adherent to or within a vessel wall, or 3) within the tissue extravascular spaces.
Detection of inducible heme oxygenase-1
Inducible heme oxygenase-1 was measured in homogenized tissues by immunoblot. Lysates were prepared from tissue samples by homogenization in RIPA Lysis Buffer (Santa Cruz Biotechnology, Santa Cruz, CA) and centrifugation. Positive control tissue was harvested from animals injected with lipopolysaccharide (2 mg/kg ip), phorone (250 mg/kg) and buthionine (900 mg/kg ip) to cause sickness and systemic oxidative stress, while negative control tissue was harvested from animals not subjected to procedures except those for inducing deep anesthesia and analgesia prior to cardiac puncture. Protein contents of supernatants were quantified by BioRad RC DC protein assay. Proteins were separated by SDS-PAGE on a 12% nitrocellulose membrane (BioRad, Hercules, CA) with recombinant rat heme oxygenase-1 protein as a standard (liver, 30 ng/µl; lung, 6 ng/µl; and, intestine, 0.5 ng/µl). Proper loading of lanes was evaluated visually by Ponceau S staining. The membrane was blocked with 5% nonfat milk and incubated at 4ºC overnight with rabbit anti-rat heme oxygenase-1 (Hsp32) polyclonal antibody (Stressgen/Assay Design, Ann Arbor, MI) and then at room temperature with goat anti-rabbit IgG antibody (Stressgen/Assay Design). After standard wash steps, chemiluminescence was detected using ECL Western blotting reagents (Super Signal West Femto Maximum Sensitivity Substrate, Pierce, Rockford, IL), and intensity was measured on a Kodak Imaging Station (2000 MMT). Data are expressed as the relative intensity, which is the ratio of the mean intensity of the specimen to that of the recombinant rat heme oxygenase-1 protein per gel. For comparisons of experimental groups for lung heme oxygenase-1, baseline (N=5) and colony control (N=2) values were considered together, weighted with respect to number, to increase the degrees of freedom for descriptive statistics.
Plasma corticosterone
Blood from cardiac puncture was transferred to sterile glass tubes containing K 2 EDTA, rotated, and centrifuged at 4ºC and 8 000 x g for 10 min. Plasma was separated into aliquots, and these were frozen at -80ºC for batch assay. Corticosterone was measured in duplicate by using a commercial RIA kit (Diagnostic Systems Laboratories, Webster, TX). The low and high detection limits were 20 and 2,000 ng/ml, and the intra-and interassay CVs were both < 5%.
Data analysis
Data were analyzed by means of conditional planned comparisons (29). The computations for a one-way analysis of variance (ANOVA) were first carried out to provide the mean square error and the sum of squares between to complete the comparison tests. Statistical significance for treatment effects determined by ANOVA was set at P < 0.05. The family-wise error for planned and post hoc comparisons was held constant at P < 0.016, based on three a priori comparisons (baseline vs. sleep deprivation at 5 days or 10 days, and sleep deprivation at 10 days vs. recovery) and 95% confidence. In cases in which there was not a significant difference between time points at 5 or 10 days for the same condition, these data were combined to compose a "sleep-deprived" treatment or a "yoked" treatment for comparison with baseline and recovery groups. Not all possible weighted comparisons were made or reported, but rather just those relating to specific questions. Nonstatistical significant differences are designated as NS. Data from 6 to 9 animals usually compose each group at each time point for different variables, but occasionally data were achieved from only 5 animals, due to technical matters. Values are expressed as the means (SD), unless designated otherwise as the SE.
RESULTS
Myeloperoxidase activity in liver, lung, heart, and intestinal tissues
The amount of MPO activity in the lung showed strong effects of experimental treatment (F 6,35 = 6.04, P < 0.0002). As can be seen in Figure 1 , MPO activity in the lungs of sleep-deprived rats during Day 10 was nearly two-fold that of baseline controls (P < 0.001) and over 1.5-fold that of rats sleep deprived for 5 days (P < 0.01). Recovery sleep was associated with MPO activity in sleep-deprived rats that was substantially lower than that on Day 10 (P < 0.016) and not significantly different from baseline. The amount of MPO activity in the liver of sleep-deprived rats had a similar profile. MPO activity in the liver was increased to 1.85-fold compared with baseline (P < 0.016) during Day 10 and was not significantly different from baseline 48 hr after sleep recovery was permitted. Upward trends in MPO activity in yoked rats during Days 5 and 10 were not statistically significant. An opposite profile emerged for MPO in intestinal tissue.
MPO activity was significantly higher during the recovery phase in sleep-deprived rats compared with baseline and with 5 and 10 days of sleep loss (recovery after sleep deprivation compared with baseline, P < 0.001; 5 days or 10 days, P < 0.01; Fig. 1 ), whereas significant differences otherwise were not found. The average increase in MPO activity in the intestines of yoked rats during the recovery phase was not significant in post hoc analyses.
Localization of phagocytes by immunohistochemistry in liver and lung tissue
In the lung, counts of HIS48 positive labeling indicated that sleep deprivation of 10 days' duration resulted in a doubling of the number of granulocytes located in the whole tissue, compared with baseline controls. The populations of HIS48 positive cells by location are provided in Table 1 . A representative section of lung stained with HIS48 antibody is shown in Figure 2 along with HIS48 negative control staining. During 10 days of sleep deprivation, 97% of granulocytes were located in the extravascular tissues and the populations of marginated and luminal cells remained at low levels; i.e., <1% and <2%, respectively. As can be determined by the number of HIS48 positive cells counted (Table 1) , there was good agreement between the populations of granulocytes identified by HIS48 positive counts and those determined by MPO activity. Differences in magnitude of the changes were likely due to sampling, since only thin tissue sections were used to localize labeled cells by microscopy compared with larger portions of the whole tissue for MPO measurement by biochemistry (43) . HIS48 positive cell counts, expressed as a proportion of CD45 positive cell counts, remained stable or increased, indicating a chief contribution by granulocytes to leukocyte cell totals. In yoked rats, HIS48 positive cell numbers averaged between -9 to +22% of baseline and were localized to interstitial tissues 97 to 99% of the time. There was a nonsignificant trend in yoked rats for increased CD45 positive cells in the extravascular spaces at 10 days, which, proportionally, was due to HIS48 negative cells, hinting at recruitment of mononuclear cells.
In the liver, total HIS48 positive populations were 59 and 80% greater in sleep-deprived rats during Days 5 and 10 compared with those of the baseline animals ( Table 1 ). Most HIS48 positive cells, i.e., 96 and 94%, respectively, were located in the extravascular spaces, compared with 91% during baseline. HIS48 positive cells located on blood vessel walls, not including those in the lumen, remained low in number at <2% of the total population.
Representative sections of liver tissue showing positive and negative HIS48 labeling are shown in Figure 2 . During the recovery period, HIS48 positive cells remained elevated 89% above baseline in totally sleep-deprived rats with 93% located in the extravascular tissue. The proportions of HIS48 positive cells relative to CD45 positive cells indicate that the increases in leukocytes were due to the increases in granulocytes. Counts of total HIS48 positive cells in the livers of yoked animals during Days 5, 10, and sleep recovery were 130, 120, and 137% of baseline values, respectively. Of the total counts in livers from yoked rats, 95, 94, and 87% of the total HIS48 positive populations were extravascular. The somewhat lowered percentage during the recovery phase appears due to one outlier with many HIS48 positive cells in the blood vessel lumen.
Marker of cellular stress in liver, lung, heart, and intestinal tissues
Heme oxygenase-1 in liver showed a strong effect of experimental treatment (F 6,43 = P < 0.01), owing to greater induction in sleep-deprived rats than in baseline or yoked rats, shown in Figure   3 . The induction during Day 10 was more than 2.5 fold the basal level in sleep-deprived rats (P < 0.001). During the 48-h period of recovery sleep, the value for sleep-deprived rats was significantly diminished from the 10-day time point to a level that was not different from baseline.
Liver heme oxygenase-1 levels were not significantly different in yoked animals at any time point in post hoc analyses. Lung heme oxygenase-1 also showed a strong effect of experimental treatment (F 7,40 = P < 0.016). The induction was highest during the recovery period in both yoked and totally sleep-deprived rats compared with baseline and colony control values (P < 0.001) ( Fig. 3) . For intestine, a treatment effect was not found and there was no clear trend and, therefore, these data are not shown.
Corticosterone
Circulating corticosterone was unchanged by sleep deprivation in totally sleep-deprived rats or by sleep restriction in yoked rats. In contrast, recovery sleep was marked by abnormally low corticosterone concentrations in totally sleep-deprived rats, below basal levels (Fig. 4) .
DISCUSSION
Sleep deprivation resulted in near doubling of MPO activity in the liver and lung tissue of sleepdeprived rats. The magnitude of the change in MPO activity in the lung or liver was as great as that reported for burn injury (11, 27, 46) , hepatic ischemia-reperfusion injury (36) , and septic shock (40, 57) , although much higher levels have been reported in other models and conditions, such as severe acute pancreatitis with infected necrosis (65) . It should be mentioned that most 10-day sleep-deprived rats appear quite healthy looking with a robust appetite that belies evidence of internal abnormalities, such as neutrophil migration, that culminate in severe pathology (16). Localizaton of leukocytes by immunohistochemistry revealed migration into the extravascular spaces of the liver and the lung with a distribution that was diffuse. The majority of leukocytes in sleep-deprived rats were granulocytes, identified by HIS48 labeling, which indicated that the measurements of MPO activity captured the change in leukocyte population in extravascular tissue. This is consistent with previous outcomes from differential cell counts that characterized the increase in circulating white blood cells as granulocytic due mostly to neutrophils, rather than basophils or eosinophils (14) . Migration of granulocytes and other leukocytes into extravascular spaces of organs is considered an inflammatory response, In the present study, an indicator of this altered biochemistry was the up-regulation of heme oxygenase-1, which is widely distributed in systemic tissues and it is induced in response to both heme and nonheme compounds. Previously, we found biochemical changes characterized by abnormally low liver glutathione and catalase activity, indicating uncompensated oxidative stress (19) . The extent to which neutrophils are contributing to, or responding to, the cellular stress reflected by heme oxygenase-1 induction is presently under study. In one way, neutrophils contain abundant cytotoxic factors that can kill parenchymal cells through diffusion of reactive oxygen species and creation of intracellular oxidant stress (28). In another way, neutrophils may be attracted by oxidative stress, tissue injury, and cellular debris, which then modulate their activation (53) . Neutophils have been shown, for example, to help facilitate resolution of inflammation by clearing cell debris if the macrophage system is insufficient (60) .
Early during the course of sleep deprivation in rats, bacteria overgrow in the intestine and translocate to extraintestinal tissues, where live bacteria can be detected long before pathology culminates in bloodstream infection (15, 23) . At first impression then, migration of neutrophils into tissues might be a logical expectation, given their well-known function of ingesting and killing bacterial pathogens as a first line of host defense. However, in the case of sleepdeprived rats, increases in circulating phagocytes, cytokines, chemokines, and immunoglobulins all have been demonstrated, and yet they are insufficient in controlling microbial invasion and eliminating foreign antigens (14) . This indicates that abnormal microbial control is not the principal etiological basis for disease progression. In other experimental models and clinical conditions, bacterial overgrowth and translocation have been shown to result from tissue injury and immune suppression, after which there is poor microbial control (6, 12) . Systemic inflammatory response syndrome in humans is believed to increase susceptibility to bacterial infections by means of production and release of anti-inflammatory factors that limit damage due to inflammation (4, 37) . Furthermore, during trauma and tissue injury, neutrophils migrate to the intestine and break down microvascular endothelial barriers in the gut, as they are able to do in the lung, and thereby augment bacterial translocation (74) . These considerations, along with the diffuse pattern of neutrophil infiltration and lack of necrotic foci, favor the view that the aggravating circumstance during sleep deprivation may be tissue injury to which decreased resistance to infectious disease is a consequence. The nature of tissue injury that may result from sleep loss has not yet been elucidated, but injury of cells is indicated by findings of increased plasma aminotransferases in both sleep-deprived humans (33) and rats (19).
Recovery sleep was marked by normalization of MPO activity in the liver and the lung, but increased MPO activity in the intestine in the absence of increased heme-oxygenase-1. We could not discern by our measurements whether the increased MPO activity reflected a change in neutrophil disposal (3, 67) , or the possibility that reparative processes involve inflammation and neutrophil recruitment not reflected by increased heme oxygenase-1. For example, in experimental ischemia and reperfusion, reperfusion is vital, yet results in several-fold increases in neutrophil infiltration of the intestines and diminished glutathione and superoxide dismutase in association with additional tissue injury (26, 54). Heme oxygenase-1 was increased in the lung of both partially (yoked) and totally sleep-deprived rats during the recovery period. The same phenomenon previously was observed in measurements of liver glucose-6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase, and glutathione peroxidase that surged during sleep recovery (19) . The increases suggest that either new oxidative burdens are generated during reparation or there is more protection from cell injury than was possible during sleep loss. Others have shown that heme oxygenase-1 provides protection against cellular stress and contributes to the resolution of inflammation (61, 69) . The changes in neutrophil migration and markers of cellular stress during recovery sleep indicate ongoing reactions to prior sleep loss that point to properties of sleep recovery.
Corticosterone was decreased 50% below normal in totally sleep-deprived rats during the sleep recovery period. A similar reduction has been previously observed (18). The abnormally low level appears compensatory and points to increased negative feedback to the brain and pituitary, perhaps serving a permissive action for effector functions that tend to be reciprocally related to glucocorticoid action (49) . Corticosterone otherwise remained unchanged by sleep loss, consistent with earlier findings in laboratory rats studied under this paradigm (17, 18, 21) , and with lack of a cortisol stress response in human sleep deprivation or extended sleep restriction studies (2, 9, 31, 41, 42, 51, 52, 55, 62, 64, 71, 72) . Findings opposite to these, i.e., decreased circulating leukocytes and marked increases in corticosterone, have been reported in laboratory rodents sleep deprived by the pedestal technique (73) , also know as the platform or inverted flower-pot technique, which is considered nonspecific for sleep deprivation (48, 66) .
The present data indicate that overactivation of the hypothalamic-pituitary-adrenal axis is neither a necessary nor a sufficient condition by which immune-related alterations during sleep deprivation may be explained, which is in contrast to views expressed by others (56) . Values are means ± SE, n = 6 -9/group/time. 1 Cells located in vasculature include those in the lumen and in the blood vessel wall. 
Perspectives and Significance
